The microtubule cytoskeleton is critical for the generation and maturation of neurons in the developing mammalian nervous system. We have previously shown that mutations in the b-tubulin gene TUBB5 cause microcephaly with structural brain abnormalities in humans. While it is known that TUBB5 is necessary for the proper generation and migration of neurons, little is understood of the role it plays in neuronal differentiation and connectivity. Here, we report that perturbations to TUBB5 disrupt the morphology of cortical neurons, their neuronal complexity, axonal outgrowth, as well as the density and shape of dendritic spines in the postnatal murine cortex. The features we describe are consistent with defects in synaptic signaling. Cellular-based assays have revealed that TUBB5 substitutions have the capacity to alter the dynamic properties and polymerization rates of the microtubule cytoskeleton. Together, our studies show that TUBB5 is essential for neuronal differentiation and dendritic spine formation in vivo, providing insight into the underlying cellular pathology associated with TUBB5 disease states.
INTRODUCTION
Cerebral cortical development relies on a step-wise process of neurogenesis, cell migration and terminal differentiation as neurons are added to the growing fetal brain (for reviews, see 1, 2) . Following their birth within the germinal zones new neurons must coordinate their cell shape in order to engage in movement, enabling them to reach their assigned positions within the cerebral cortical anlage (3, 4) . Once their positions have been finalized, postmigrational cortical neurons undergo extensive morphological changes forming dendritic trees and extending their axons, as they make contacts with other neurons through the formation of dendritic spines (5, 6) . The dynamic properties of the neuronal cytoskeleton provide immature neurons with the capacity to alter their morphology in the course of their migration and differentiation (1, 2, 7) .
The importance of the microtubule cytoskeleton in the development of the cerebral cortex is reflected by the finding that mutations in a number of alpha and beta tubulins are responsible for a range of neurodevelopmental disorders (8) . For instance, mutations in TUBA1A, TUBB2B and TUBB3 cause a spectrum of cortical abnormalities that include lissencephaly, polymicrogyrialike malformations and an ocular motility disorder (9 -13) . Similarly, functional studies employing genetically modified mice, as well as in vivo gene perturbations, have demonstrated that disruption of TUBA1A, TUBB2A, TUBB2B and TUBB3 can result in defects in neuronal migration (12) (13) (14) (15) (16) . These studies have revealed that mutations in the tubulin genes can interfere with the dynamic properties of the cytoskeleton, including its polymerization, stability and association with microtubuleassociated proteins such as Kif21a (13) . We recently reported that the b-tubulin gene TUBB5 (also known as TUBB, Refseq † L.N. and M.H. contributed equally to this study. * To whom correspondence should be addressed. Email: julian.heng@monash.edu; david.keays@imp.ac.at # The Author 2014. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Gene ID:203068) is highly expressed in neuronal progenitors and postmitotic neurons during fetal cortical development in mice and humans (17) . Furthermore, we described three human patients with amino acid substitutions to the TUBB5 polypeptide sequence (M299V, V353I and E401K), who present with structural brain disorders and cognitive deficits. While it is known that in vivo perturbation of Tubb5 can alter the mitotic index of progenitor cells and their subsequent migration within the embryonic mouse cortex (17) , it is unclear what role TUBB5 plays with respect to the differentiation and connectivity of neurons within the postnatal cortex. In this study, we address this question by employing in utero electroporation to study the function of Tubb5 during neuronal differentiation. We report alterations in cell morphology, dendritic spine density, neuronal complexity and axon outgrowth in the mouse cerebral cortex, following the depletion of Tubb5, or expression of the disease-causing variants. We further demonstrate that perturbation of TUBB5 alters the dynamic properties of the microtubule cytoskeleton, highlighting its function within cells during neurodifferentiation.
RESULTS

Tubb5 perturbation alters the morphology of cells within the embryonic cerebral cortex
Within the embryonic cerebral cortex, newborn neurons in the ventricular zone (VZ) undergo extensive changes to their morphology as they transit within the intermediate zone (IZ) before engaging in radial migration to reach their appropriate positions within the cortical plate (CP) (reviewed in 3,18). We asked if Tubb5 directly influenced the morphological characteristics of embryonic cortical neurons, by performing in utero electroporation experiments at E14.5 with a previously validated Tubb5 shRNA vector (17) together with a GFP expression cassette to identify electroporated cells (19) (Fig. 1A) . We then analyzed the morphological properties of these postmitotic cortical neurons 3 days following electroporation (at E17.5), paying particular attention to their shape. Within the IZ of Tubb5 shRNAtreated cortices, there was a significant decrease in the proportion of multipolar-shaped cells compared with control cortices, with a corresponding increase in the proportion of round-shaped cells which lacked processes, or have very short processes ( Fig. 1A and C; 17.94% + 1.52% multipolar cells in Tubb5 shRNA treatment compared with 26.40% + 1.14% in control; and 17.74% + 1.78% round cells in the with 6.83% + 0.88% in control; F 2,27 ¼ 14.05; two-way ANOVA followed by Bonferroni's post hoc test). The proportion of uni/bipolar-shaped cells was not altered (Fig. 1C) . Within the CP, we detected an increase in the proportion of round-shaped cells, and a corresponding decrease in uni/bipolar-shaped cells ( Fig. 1A and B ; 17.27 + 1.15% round cells in Tubb5 shRNA treatment compared with 7.43% + 1.40% in control; and 82.47 + 1.10% uni/bipolarshaped cells in Tubb5 shRNA treatment compared with 92.57 + 1.40% in control; F 2,27 ¼ 44.77; two-way ANOVA followed by Bonferroni's post hoc test). In addition to these changes in cell shape, we observed that the length of the leading processes of GFP-labeled cells was significantly decreased upon Tubb5 knockdown ( Fig. 1D and E) . Therefore, suppression of Tubb5 significantly alters the morphology of migrating neurons within the embryonic cerebral cortex.
Forced expression of the pathogenic variants M299V, V353I and E401K [but not wild-type TUBB5, denoted as TUBB5(WT)] impairs cell migration within the embryonic cortex (17) . Hence, we analyzed embryonic cortices electroporated with expression constructs for TUBB5 and its variants M299V, V353I and E401K to uncover possible effects on the morphology of migrating neurons in vivo. We began by analyzing the morphological profiles of neurons overexpressing TUBB5(WT) compared with control treatment in which neurons express endogenous Tubb5. Surprisingly, we found that forced expression of TUBB5(WT) resulted in a decrease in multipolar-shaped neurons and a concomitant increase in the proportion of uni/bipolar-shaped neurons within the IZ ( Fig. 2A-C (Fig. 2B ). This result indicated that forced expression of TUBB5(WT) alters the morphology of embryonic cortical neurons in a manner which is different to Tubb5 knockdown. We also found that each pathogenic TUBB5 variant significantly affected the morphologies of the migrating neurons in different ways. Within the IZ, we found that forced expression of all three variants resulted in the suppression of multipolar morphologies; treatment with M299V led to an increase the proportion of uni/bipolar-shaped neurons; treatment with V353I increased the proportion of round-shaped cells; and treatment with E401K mutant increased the proportions of both round-shaped cells and uni/bipolar cells (Fig. 2C) . In the CP, treatment with all three missense variants of TUBB5 induced round-cell shapes while suppressing uni/bipolar morphologies (Fig. 2B) . Furthermore, GFP-positive cells transfected with E401K were found to have shorter leading neurites compared with control ( Fig. 2D and E) . Together, these results demonstrate that perturbations to TUBB5 alter the morphologies of embryonic neurons within the E17.5 cortex, which might contribute to their defective migration as previously reported (17) .
TUBB5 perturbation alters the neuronal complexity and axon outgrowth of postnatal (P17) cerebral cortical neurons in vivo
We investigated the consequences of Tubb5 knockdown on the morphology of differentiated neurons within the postnatal (P17) cortex which were co-labeled with GFP protein expression at E14.5. To do this, we combined high-power microscopy with 3D computer reconstruction to analyze the morphology ( Fig. 3 ; Supplementary Material, Fig. S1 ) of layer II/III cortical neurons. We then investigated their dendritic complexity by performing Sholl analysis as a means of representing the branching characteristics of neurons with increasing distance from the cell body (20) . We found that Tubb5-deficient neurons display a more complex morphology adjacent to the cell body (Supplementary Material, Fig. S2A ; analysis of co-variance (ANCOVA) for the region defined as 3 -35 mm from the soma; P , 0.001), as well as a simplified morphology away from the cell (Supplementary Material, Fig. S2A ; ANCOVA for the region defined as 40-65 mm from the soma; P , 0.001). When we investigated
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Human Molecular Genetics, 2014, Vol. 23, No. 19 the nature of the change in Sholl profile, we found that the neurites of Tubb5-deficient neurons were more branched, but the numbers of primary neurites were not significantly increased, despite a trend ( Fig. 3A-D ; n ¼ 21 and 22 for control and Tubb5 shRNA treatment, respectively). Furthermore, we observed a reduction in GFP-labeled callosal axons within P17 cortices treated with Tubb5 shRNA compared with control shRNA (Supplementary Material, Fig. S2B ). Next, we investigated the effects of expressing TUBB5(WT) and its pathogenic variants on the dendritic complexity of P17 projection neurons (Fig. 4) . We found that forced expression of TUBB5(WT) increased the complexity of neurons compared with control (GFP only). Interestingly, when we compared the profile of TUBB5-overexpressing neurons with those treated with M299V, V353I and E401K construct, it would appear that all three pathogenic variants have lost the ability to enhance dendritic complexity (Fig. 4B ). We observed a severe reduction in the complexity profile of neurons treated with M299V or E401K (Supplementary Material, Fig. S6A and B) , while the profile of V353I-expressing neurons was more similar to the control (Fig. 4B ). We found that forced expression of TUBB5 and its missense variants did not significantly alter neurite branching or the number of primary neurites compared with control treatment (Fig. 4C and D, P . 0.05 Bonferroni's multiple comparisons test). We additionally analyzed callosal axon outgrowth and detected the presence of GFP-labeled fibers in 100% of brains electroporated with control vector (five out of five brains), TUBB5(WT) (three out of three brains), as well as the variant M299V (five out of five brains). In contrast, we observed a weak effect of E401K transduction (three out of four brains) on the presence of GFP-labeled callosal axons, while GFP-labeled axons were not detected in 100% of brains (three out of three brains) electroporated with V353I construct (Supplementary Material, Fig. S3 ). Together, these results demonstrate that perturbations to TUBB5 alter the morphology of cortical projection neurons within the postnatal cortex.
TUBB5 and its pathogenic variants alter the numbers and shapes of dendritic spines
To explore whether TUBB5 depletion influenced the densities of dendritic spines, we combined GFP-imaging with 3D image reconstruction (Supplementary Material, Fig. S4 ) and analyzed the dendrites of layer II/III neurons. We performed separate analyses on apical and basal dendrites since both have different properties and can respond differently to signaling molecules 
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Human Molecular Genetics, 2014, Vol. 23, No. 19 (21) . Our results show that Tubb5 knockdown results in a significant decrease in the total number of dendritic spines in the apical and basal dendrites of cortical neurons ( Fig. 5A -C) . We also observed that these decreases in spines densities occurred along the lengths of both types of dendrites (Supplementary Material, Fig. S5 ). We further classified dendritic spine morphologies into thin, stubby and mushroom-shaped protrusions as morphological correlates of their synaptic signaling properties (reviewed in 22). Our statistical analysis revealed that Tubb5-deficient neurons displayed a significant increase in the proportion of thin spines, and a concomitant reduction in the proportion of mushroom-shaped spines, while the proportion of stubby spines was not altered in both apical and basal dendrites ( Fig. 5D and E) . Hence, Tubb5 is required for correct dendritic spine densities as well as spine morphology on postnatal cortical neurons.
We also wanted to determine if TUBB5 and its pathogenic variants influenced the dendritic spines of cortical neurons. We found treatment with the M299V variant resulted in a significant reduction in the density of dendritic spines across the lengths of apical and basal dendrites ( significant increase in the proportion of thin spines in both the apical and basal dendrites of M299V-expressing neurons, with concomitant decreases in stubby and mushroom spines ( Fig. 6E and F) . On the other hand, forced expression of the V353I variant resulted in a significant decrease in the proportions of stubby spines, while a significant increase in the proportion of thin spines was detected in neurons upon forced expression of TUBB5(WT) (Fig. 6E) . Therefore, our results demonstrate that TUBB5 and its pathogenic variants have divergent effects on the dendritic spine densities and morphologies of P17 cortical projection neurons.
TUBB5 is important for the dynamic polymerization properties of the microtubule cytoskeleton
Given the effects on cortical neuron differentiation, we asked whether disruptions to Tubb5 expression alter the dynamic properties of the microtubule cytoskeleton. We began by studying the effects of Tubb5 RNAi on microtubule dynamics via co-transfection of an expression construct encoding GFP-tagged EB3, a microtubule end-binding protein (23) . In Neuro2A cells treated with Tubb5 shRNA, we found that the velocity of EB3 'comets' was significantly reduced when compared with control treatment (scrambled shRNA vector), but this was rescued when Tubb5 shRNA-treated cells were co-transfected with a wild-type TUBB5 expression construct ( Fig. 7A and B) . Since the decreased velocity of EB3 comets in Tubb5 shRNA-treated cells might indicate a decrease in microtubule growth (23, 24) , we performed a second experiment to study the effect of Tubb5 RNAi on the repopulation of the microtubule meshwork in Neuro2A cells following treatment with nocodazole, a drug which interferes with microtubule polymerization (24) . When we plotted the proportion of cells with an intact microtubule meshwork for up to 20 min following withdrawal of nocodazole in the culture media, we observed an impairment of meshwork formation in Tubb5 shRNA-treated cells ( Fig. 7C and D; F 2 ,47 ¼ 4.869; P ¼ 0.012, two-way ANOVA). Particularly, the proportion of cells with an intact microtubule meshwork was significantly decreased 10 min after nocodazole-containing media was replaced with drug-free media, but this deficit was corrected by 20 min. In addition, we found that the altered meshwork phenotype of Tubb5 shRNA-treated cells could be restored by co-transfected of a wild-type TUBB5 construct (Fig. 7C and D) .
Since our RNAi studies indicated that changes to Tubb5 levels disturb microtubule dynamics, we predicted that forced expression of TUBB5 would likely affect the microtubule cytoskeleton as well. To address this, we measured GFP-EB3 comet velocities of cells transfected with expression constructs encoding TUBB5(WT), or the variants M299V and V353I which are both competent for assembly into microtubules (17) . We found that forced expression of TUBB5(WT), M299V and V353I in cells resulted in a significant increase in EB3 comet velocities compared with control treatment (Fig. 8A) . In contrast, two interesting observations were made in cells transfected with E401K, a variant which does not incorporate into the microtubule network (17) . Firstly, we observed that comet velocities were significantly reduced in E401K-treated cells compared with TUBB5(WT) (Fig. 8A, 0 .256 + 0.006 mm/s versus The M299V variant caused a significant decrease in spine density on both apical and basal dendrites compared with controls (20 apical and basal dendrites analyzed for controls; 20 apical and 17 basal dendrites analyzed for M299V; P , 0.0001). In contrast, overexpression of TUBB5(WT), V353I and E401K did not significantly alter the dendritic spine densities of layer II/III neurons compared with controls. GFP-imaged neurons are illustrated in Supplementary Material, Figure S7 . (E and F) Forced expression of the M299V variant resulted in extensive changes to spine types on both apical and basal dendrites of layer II/III projection neurons.
* P , 0.05, * * P , 0.01, * * * P , 0.005 and * * * * P , 0.0001. White scale bars: 15 mm; red scale bars in insets: 5 mm. To study how the TUBB5 variants might influence microtubule polymerization in cells, we transfected Neuro2A cells with expression constructs encoding TUBB5(WT), M299V, V353I or E401K and examined their effects on microtubule meshwork formation following nocodazole treatment (Fig. 8B) . Our results show that forced expression of the V353I variant impaired microtubule meshwork formation compared with control (expression vector only), while meshwork formation was not significantly different with TUBB5(WT), M299V and E401K. Taken together, these results demonstrate that perturbations to TUBB5 disrupt the microtubule cytoskeleton of cells, including the trafficking of EB3 as well as the formation of an intact meshwork.
DISCUSSION
In this study, we have investigated the role of TUBB5 in neuronal differentiation and connectivity. We show that perturbations to TUBB5 disrupt the morphology of cortical neurons, axonal outgrowth, as well as the density and shape of dendritic spines in the postnatal murine cortex.
The dynamic properties of the microtubule cytoskeleton are crucial for the morphological changes that occur as a neuron extends its leading process, retracts its trailing process and translocates its nucleus in order to migrate (1,2,7) . Within the IZ of the embryonic cortex, neurons engage in a multipolar-tobipolar transition as they move into the CP, and we find that a reduction in Tubb5 expression results in an increase in the percentage of round cells in theIZ, concomitant with a decrease in the percentage of multipolar cells. This contrasts with the effects of forced expression of native TUBB5 that leads to a reduction in the percentage of multipolar cells within theIZ, but with an increase in uni/bipolar-shaped neurons. In further support for a direct role for TUBB5 in neuronal shape acquisition, we demonstrate that forced expression of the pathogenic variants of TUBB5 also leads to a decrease in multipolar cells within the IZ, with corresponding increases in the proportions of round and/or bipolar-shaped cells. In the CP where uni/ bipolar-shaped neurons locomote along radial glial fibers (25), we find that perturbations to TUBB5 disrupt the acquisition of a uni/bipolar morphology. In addition, Tubb5 knockdown or expression of the E401K variant leads to a decrease in the length of the leading process. It is therefore apparent that perturbations to TUBB5 disrupt the morphological transitions undertaken by neurons as they migrate from the VZ into the CP, which may contribute to the delay in neuronal migration we have previously reported (17) (summarized in Fig. 9 ). This conclusion is supported by a recent study from Chelly and colleagues which showed that suppression of the b-tubulin gene Tubb3 disrupts radial migration, resulting in an accumulation of round-shaped cells within the lower IZ and SVZ of the embryonic E18.5 mouse cerebral cortex (16) . Taken together, our . When control-treated cells were incubated in drug-free media for 5 min, we observed a condensation signal consistent with reformation of the microtubule meshwork, and this signal which intensified after 10 min coincided with the presence of inter-connected strands of a-tubulin immunostained fibers. The MT meshwork of cells is clearly visible by 20 min. In contrast, there is a significant reduction in the proportion of Tubb5 shRNA-treated cells with a visible meshwork after 10 min, and we found that cells had a notable decrease in MT condensation (F 2,47 ¼ 4.869; P ¼ 0.012; two-way ANOVA). However, by 20 min in drug-free media, the proportion of cells with meshwork was not significantly different between conditions. We found that the reduction in meshwork formation in Tubb5 shRNA-treated cells could be rescued by co-delivery of a wild-type TUBB5 expression construct. Scale bars: (A) 2 mm; (C) 10 mm.
Human Molecular Genetics, 2014, Vol. 23, No. 19 5153 studies are consistent with the notion that the tubulins are critical to the morphology and migration of immature neurons during cortical development. It is known that the dynamic stability of microtubules also influences the elaboration of dendrites and axons (2, 5) , and we find that perturbations to TUBB5 disrupt dendritic branching of cortical projection neurons within the postnatal cortex. Moreover, Tubb5 shRNA treatment, as well as forced expression of the V353I variant disrupts the outgrowth of callosal axons within the postnatal cortex. In support of a specific role for Tubb5 in vertebrate axonogenesis, a recent study by Baraban and colleagues reported distinct axonal localization of Tubb5 mRNA transcripts within embryonic neurons in zebrafish (26) . In addition to these cell intrinsic functions for TUBB5 in controlling cell shape, the microtubule cytoskeleton also provides a substrate for the trafficking of essential substrates and growth factor receptors to and from the cell periphery to regulate process outgrowth in response to signaling factors in the tissue environment, 
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such as IGF-1 (27) . Hence, changes to TUBB5 could affect the growth and structural integrity of the microtubule cytoskeleton, as well as microtubule-associated trafficking of receptor molecules which, in turn, influences the dendritic growth and branching of postmitotic cortical neurons. Collectively, these documented changes in dendritic branching could alter the somatic versus dendritic connectivity of cortical projection neurons, leading to imbalances in excitatory and inhibitory tone which, in turn, trigger epileptogenesis (28, 29) . Recently, it was discovered that the microtubule cytoskeleton plays an important role in shaping the actin network within nascent dendritic spines of hippocampal neurons so as to regulate their formation, morphology and synaptic signaling (30) (31) (32) . Our study directly implicates TUBB5 in the formation of dendritic spines in the murine cortex. We observe a reduction in the proportion of mushroom-shaped spines, and a concomitant increase in the proportion of thin spines, when TUBB5 expression levels were suppressed by RNAi, or when the M299V mutant was introduced. Since thin spines display features consistent with immature synapses, while mushroomshaped spines are more mature (reviewed in 22), these changes could suggest a delay or defect in spine development as a result of perturbations to TUBB5.
The abnormal cellular morphology, defects in axon guidance and dendritic spine phenotypes are likely to be associated with defects in the dynamism and/or polymerization of microtubules. In support of this notion, we find that suppression of Tubb5 leads to a decrease in trafficking velocities of the microtubule endbinding protein EB3, which we interpret as a disruption to the growth of microtubules. This interpretation is consistent with our finding that suppression of Tubb5 leads to a delay in the formation of the microtubule meshwork in cells following nocodazole treatment. Given that the stability of the microtubule meshwork influences the differentiation of immature neurons (33, 34) , it is tempting to speculate that changes to Tubb5 levels alter the polymerization of the neuronal microtubule network which, in turn, interferes with shape formation during neuronal differentiation.
Previous studies have shown that mutations to tubulins, such as TUBA1A and TUBB3, impair the migration of neurons, and can disrupt the polymerization of microtubules (12, 13, 17, 24) . Similarly, Tischfield and colleagues have reported that the R262C variant of TUBB3 which causes an ocular motility disorder, increases the stability of microtubules, alters their polymerization rates and reduces their association with the motor protein Kif21a (13) . This contrasts with two mutations (T178M and E205K) in TUBB3 which cause cortical malformations that decrease the stability of microtubules (12) . In these studies, Tischfield and Chelly employed primary cells harboring heterozygous mutations that mirror the genotype of patient causing mutations. As primary cell lines were not available in our case, we have relied on overexpression of the TUBB5 mutations in Neuro2A cells. While primary cells are clearly preferable, our work has nonetheless revealed that failure of the E401K mutation to incorporate into the microtubule cytoskeleton results in a reduction in the velocity of EB3 comets (in comparison to WT overexpression), and that the V353I mutation also disrupts microtubule meshwork formation induced by nocodazole treatment. Thus, our experiments have demonstrated an important difference in the polymerization properties of microtubules in the presence of the V353I variant compared with wild-type TUBB5. However, the generation of knockin mouse models will allow the detection of more subtle defects on microtubule dynamics and aid the identification of microtubule associated protein partners, such as Kif21a and Dcx (35) (36) (37) , whose binding might be impaired by the presence of the M299V, V353I and E401K substitutions.
Taken together, our data strongly suggest that perturbations to TUBB5 have a deleterious effect on multiple aspects of neuronal differentiation within the murine cerebral cortex, including the maturation of dendritic spines. From our studies, we also predict that the presence of TUBB5 mutations in humans disrupts the connectivity and synaptic signaling of neurons. At this juncture it is not known whether mutations in other tubulins, such as TUBA1A, TUBB2A, TUBB2B and TUBB3, also result in abnormalities in spine density and shape (9 -14) . This may be of particular relevance to those tubulin mutations that have been implicated in autism-spectrum disorders, where no overt structural brain phenotypes have been reported (38, 39) .
MATERIAL AND METHODS
DNA plasmids and antibodies
DNA expression constructs used in this work have been reported (17) . Primary antibodies used for immunostaining analysis include chicken polyclonal antibody to GFP (Abcam, ab13970, 1:700), mouse anti bIII-tubulin (Covance, MMS-435P, 1:1000), rabbit anti activated caspase3 (R&D Systems, AF835, 1:1000), rabbit polyclonal antibody to GFP (Invitrogen, A6455, 1:1000), rat monoclonal antibody to L1 (Millipore MAB5272, 1:400). Alexa fluor secondary antibodies include goat anti-chicken IgG (Invitrogen, A11039, 1:700), goat anti-mouse (Invitrogen, A11031, 1:800) and goat anti-rabbit IgG (Invitrogen, A6455, 1:1000). The nuclei of cells were visualized with DAPI.
Animals
Mice were maintained within the animal facilities at Monash University. All animal procedures are approved by the Monash University Animal Ethics Committee (MARP/2012/068) and compliant with guidelines provided by the National Health and Medical Research Council of Australia.
In utero electroporation
Time-mated pregnant (E14.5) C57B/6 female mice were anesthetized and the abdominal area was sterilized before the commencement of in utero electroporation. The abdominal cavity was accessed via a small incision, then the uterine horns were then gently exposed. One lateral ventricle of an embryonic (E14.5) mouse fetal forebrain was injected with a solution containing 1 mg/ml each of DNA expression plasmid encoding GFP, along with (i) an shRNA expression plasmid (either control or Tubb5-targeting shRNA) or (ii) a DNA expression plasmid encoding wild-type TUBB5, or its variants (M299V, V353I and E401K); together with tracer dye (Fast Green). Electroporation was carried out by a square-pulse generator as previously described (19) . Following this, the uterine horns were returned to the abdominal cavity, and the peritoneal and skin Human Molecular Genetics, 2014, Vol. 23, No. 19 5155 was sutured. The mice were allowed to recover before embryos were collected 3 days later (at E17.5), or as pups maintained until postnatal Day 17 (P17) when brain tissue was harvested.
Tissue processing and data acquisition
The brain samples were fixed in paraformaldehyde (4% in PBS) overnight at 48C, then incubated for 3 days in PBS with 20% sucrose before embedding in OCT compound (Tissue-Tek w , USA) and cut with a cryostat to obtain 16 mm sections (E17.5 brains) or 40 mm sections (P17 brains) along a coronal plane. Immunohistochemistry was performed as previously described (40) . Following immunostaining, digital images were acquired with an Imager.Z1 fluorescent microscope (Zeiss) or an Abrio C1 Upright (Nikon) confocal microscope and were processed with either Photoshop CS3 software (Adobe) or Fiji (ImageJ) software. Images from embryonic E17.5 cortices were acquired at ×20 magnification. Cell counting was performed blind to the condition on representative fields of sections of electroporated brains using ImageJ software. The boundaries between the VZ and SVZ, SVZ and IZ, and IZ and CP were determined based on the density of counterstained nuclei, as described previously (17, 40) . For the study of neuronal morphology and dendritic spines of GFP-labeled P17 neurons, confocal images were acquired at either ×40 or ×63 magnification, and as z-stack images with 1 mm steps. Digital image reconstruction of the morphologies of layer II/III cortical neurons was performed using Imaris. These cells were then subjected to Sholl analysis using MacBiophotonic ImageJ software, with the radii of Sholl circles defined for 150 mm, and at 1 mm intervals. For dendritic spine studies, unbiased counts were performed on z-stacked images using Neuronstudio software, with the following criteria for unbiased classifications for dendritic spines: minimum spine height is 0.3 mm; maximum spine height is 3.5 mm; maximum spine width is 3.0 mm; minimum stubby spine size is 10 voxels; minimum size for non-stubby spines is five voxels; spine classifiers for neck ratio (1.1) and thin spine ratio (2.5). Spines on all branches of a dendrite were calculated within Sholl's circles at 1 mm increments in radii, relative to the cell body. Data are plotted at 10 mm increments.
Statistical analysis
Data are presented as means + standard error. Two-tailed unpaired Student's t-test was used for analyzing morphology and spine density between control and Tubb5 shRNA treatment. One-way ANOVA with Bonferroni post hoc test was used for comparing the data between controls and overexpression of wild-type TUBB5 and its variants M299V, V353I and E401K. ANCOVA was performed in order to assess the slope and elevation of the curves generated from Sholl analysis (41) . * , * * , * * * and * * * * indicated P , 0.05, P , 0.01, P , 0.001 and P , 0.0001, respectively. A P-value of ,0.05 was considered statistically significant. Two-way ANOVA with Bonferroni's post hoc test was used to assess dendritic spine densities and distribution of spine shapes (stubby, thin and mushroom). All statistical data generated in this study are provided in Supplementary Material, Table S3 .
Live cell imaging and analysis of EB3 comets in neural cells
Neuro-2a cells were seeded in 3 cm dishes designed for live cell imaging. On the day of transfection, Lipofectamine (Life Technologies, USA) was mixed with a pSuper vector containing either scramble or Tubb5 shRNA together with GFP-EB3 expression construct; or with a pCIG vector encoding FLAGtagged versions of wild-type TUBB5 (or missense variants) together with GFP-EB3 construct. The ratio of EB3-GFP vector to shRNA vector (or TUBB5 vector) was 0.5:1, and cells were imaged 48 h posttransfection. Prior to imaging, cells were allowed to adapt for at least 30 min at 378C within the chamber. EB3 comet tracking was performed with a Leica SP5 microscope; time lapse images of comets were recorded at 1 s intervals, for a total of 2 min. Scans were performed at three z-positions at 0.3 mm spacing. Stacks were analyzed using ImarisTrack 7.6 (Bitplane), and average speeds of tracked comets were calculated between each time point. 
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
